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Abstract

CupheaCuphea viscosissima x C. lanceolata ‘PSR 23’) seed contains oils that have industrial application. However, little is
known regarding cuphea’s optimal mineral nutritional requirements or responses to inhibiting elements. Oil seed crops often need
additional phosphorus (P) to achieve optimal economic yield. Vanadium (V), a commonly occurring soil constituent, interferes
with plant P uptake and earlier work showed that V is a factor in lipid metabolism. Hydroponic culture was used to evaluate the
relative effect of V on the development of cuphea. Relative root length, root surface area, root weight, and aerial dry weights
decreased exponentially as the V concentration increased from 0 {@oM5B contrast to field observations of other crops,
additions of MgSQ to increase the Mg:(Mg- Ca) ratio further decreased plant growth by as much 50% at V concentrations
greater than 3juM. Root length was decreased by about 50% of the control when the plant was grownuiiMMsand relative
root area and dry weight were decreased6%. Increases in V concentration sharply reduced secondary and higher order
lateral branching. Reduction in root growth was accompanied by a general chlorotic appearance. The results suggest that readily
available V in field situations will result in poor root growth and crop performance. Also, the interaction of V and,MgSO
common in soils in the region, will lead to further reductions in yields in the field.

Published by Elsevier B.V.
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1. Introduction is an indeterminate flowering plant that can be culti-
vated to maturity in the northwestern Corn B&gsch
Cuphea (family Lythraceae) is a potential commer- et al., 2002. However, little is known about its nutri-
cial crop because of the high C-8 to C-14 fatty acid ent requirements. Most of the lipid is contained in the
content in its seedKleiman, 1987. Cuphea viscos- seed embryo, and a single fatty acid may represent as
sissima grows in the eastern US ari@l lanceolata in much as 94% of the total lipid conterfBfaham and
central Mexico, both have potential for domestication Kleiman, 1992. Thus, factors that affect seed embryo
as oilseed cropsdraham and Knapp, 1989Cuphea numbers and size at maturity are of interest.
One nutritional factor, the resin-extractable V:4V
"+ Corresponding author. Tel+1-320-589-3411; P)_ molar rat?o |n soil, is_ of p_artipular interest pecause
fax: +1-320-589-3787. P is often a limiting nutrient in oil seed production and
E-mail address: olness@morris.ars.usda.gov (A. Olness). V may compete with P for accumulatioBgwman,
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1983; Olness et al., 20D0Interference effects of V' seems indirect. Field-grown cuphea in west central

have been observed for a number of compounds in- Minnesota develops a poor root system and shows

cluding lipids Khan and Malhotra, 1987; Byczkowski  poor water use efficiencysharratt and Gesch, 2002

and Kulkarni, 1992 While poor root growth could be attributed to several
After its discovery in the early 1800$iammond, elements (i.e., Cd, Cr, or Ba), V is also present in

1999, Witz and Osmond (188&howed that Vis very  the area. The potential for enhanced Mg nutrition and

toxic to plants. Aside from noting its toxicity to plants, concern for V sensitivity led us to study these factors

little work was done on V before the 195®¢[trand, in a growth chamber experiment. Our objectives were

1950. Studies suggested that V enhanced growth at to determine the relative sensitivity of a cuphea hy-

concentrations of about 10ngV§ soil (Bertrand, brid ((PSR-23'Cuphea viscosissima x C. lanceolata)

1950. Interest intensified whedrnon and Wessel  to V and Mg using hydroponic culture.

(1953)concluded that V was essential for some plants.

Subsequent studies showed that V is generally toxic

to terrestrial plants at greater than pico-molar lev- 2. Methods and materials

els Warington, 1954; Singh, 1971; Hara et al., 1976;

Wallace et al., 1977; Davis et al., 1978

In an extensive survey of surface soils in the US,
Shacklette et al. (197fpund that about 14% of all
sites contained more than 126 g1 of V and at least
60% of all sites contained more than 3§91 of V.
Recently, we observed that resin extractable V inhib-

Individual cuphea plants were grown hydropon-
ically in a Convirort growth chamber (Controlled
Environ Ltd., Winnipeg, Manitoba, Canada) for a pe-
riod of 28 days. Chambers were maintained at@8
day (14 h) and 20C night (10 h) temperatures. Tem-
perature was monitored on an hourly basis. Cuphea

ited a maize hybrid and several varieties of soybean seeds (5-10) were germinated with water on expanded

and wheat grown under field conditior@less et al.,
1998, 2000, 2001, 2002; Olness, 2pOBecause of

vermiculite (1-2mm particle diameter) contained
in cup-shaped #4 polyethylene stoppers. The base

the widespread distribution of V, we can reasonably of the stopper had been removed and covered with
expect that V may affect plant growth on cropland in polyethylene mesh (2-mm opening) to permit pas-
the US. Because the content of V in soil has received sage of roots. When roots had reached about 10 mm,

little attention, we cannot identify soils or locations
that might experience V toxicity.

Interest in V shifted from plant studies to molecu-
lar biology whenCantley et al. (1977and Quist and
Hokin (1978)showed that V was a potent inhibitor
of Na'/K*-ATPase.Bowman (1983)showed that V
was competitive with phosphorus for accumulation by
Neurospora crassa L. This latter observation is consis-
tent with earlier resultsgfowman, 1983and suggests
that the effect may be more widespread than previ-
ously realized. Growth data fro®ingh (1971)Hara
et al. (1976) Wallace et al. (1977)and Davis et al.
(1978) which showed a marked inhibition of growth,
provided a similar fit to the General Energy Model for
Limited Systems when evaluated as a \&¥) molar
ratio (Olness et al., 2090

An apparent mitigation of the resin-extractable
V:(V + P) effect by the Mg:(Mg+ Ca) molar ratio

has been noted in one maize hybrid and one soy-

bean variety Qlness et al., 2001, 20D2The effect
(about a 20% increase in seed yield), while important,

plants were thinned to one per cup, and the cup was
inserted into the mouth of 125-ml polyethylene bottle
containing nutrient solution. The exterior surfaces of
the bottles were painted black to prevent light entry.
Each bottle was fitted with a 3-mm grommet and
2-mm internal diameter polyethylene aeration tube to
maintain an oxidized solution. Air was continuously
bubbled through the solution using a manifold system.
Bottles were distributed randomly within the growth
chamber. Nutrient solutions were exchanged on 48-h
intervals.

The experiment was conducted as two trials and
each had four replicates of each treatment. The final
result thus provided eight replicates of each treatment.
Two MgSQy (0.346 and 1.38 mM) and seven vanadate
(0.00, 15, 26, 41, 61, 102, and 1p®1) concentrations

1 Mention of trade names or commercial products is solely
for the purpose of providing specific information and does not
imply recommendation or endorsement by the US Department of
Agriculture.
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were used. The remaining concentrations of nutrients Table 1 _
in the culture solutions are given ifable 1 Culture ~ Nutrient solution for cuphea
solution pH was &5+ 0.05. The experimental design  Chemical Concentration ~ Chemical Concentration
was a randomized complete block with [V] treatments (mMm) (M)
and [Mg] subtreatments. cat 1.24 VO3~ 0, 15, 26, 41,
Shoot and root lengths were measured manually 61, 102, 153
daily. Five chlorophyll measurements were made on '\K"ESO“ 3'?36' 1.38 Z'\:” 53'42421
f[he upp_ermost fully expanded_leave_s at 28 dgys US- N, * 317 Cu 0.199
ing a Minolta SPAD-502 (Konica Minolta Business sg,2- 0.705, 2.085 Fe 10
Solutions USA Inc., Ramsey, New Jersey). Root and NOs~ 5.56 EDTA 10.4
shoot areas and surface areas were measured usin§POs* 3.23 cl 10.4
a Li-Cor model 3100 area meter (LI-COR Inc., Lin- B 26.4
Mo 0.287
coln, Nebraska). Roots and shoots were separated at
harvest, dried at 60C, weighed, and then ground. To
1.6
- ——O—— MgS0, 0.346 mM
a 12 \ —@— MgSO, 1.38mM
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Fig. 1. Relative (A) aerial dry weight, (B) root length, and (C) root area of cuphea grown hydroponically for 28 days as a function of V.

Molar Mg:(Mg + Ca) ratios were 0.22 or 0.89. Vertical bars represent standard errors of the means.
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aid comparison between plants grown during separate affected more severely than relative root length. Even
trials, the mean values of the control treatments (with- at the greatest concentrations of V, relative root length
out V and with 0.346 mM Mg) were set equal to 1 and remains about 30-45% of the controls, whereas root
all other production was measured as a fraction of this area was less than 20% of the controls.

amount. SAS PROC GLM was used to evaluate the The effect of V on root dry weight was less than
data GAS Institute, 198p its effects on relative root length and relative root area

3. Results and discussion

A very marked V by MgSQ interaction is apparent
in the data for the relative aerial dry weigh&d. 1A,
P < 0.05). At a Mg:[Mg+ Ca] molar ratio of 0.22, a
15uM concentration of V appears to enhance aerial
dry weight, but growth is clearly depressed at an
exponential rate as the V concentrations increased
beyond about 1pM. Increasing the MgS@concen-
tration to 1.38 mM increased aerial dry weights in the
absence of V, but either depressed or had no effect in
the presence of even the smallest amounts of V. At the
largest concentrations of V and MggQotal aerial
dry weights were only about 20-25% of those of the
respective control treatments without V. The V:\P]
molar ratios achieved in the experiment wer8.04.
Similar V:[V 4+ P] molar ratios were obtained in resin
extractions of soils@Iness et al., 2000However, the
effective soil concentrations may be affected by the
variety and concentrations of extractable elements.

Similar patterns between the aerial dry weights and
relative root area were presefftig. 1C P < 0.05).
Addition of MgS(Q, in the absence of V increased
total root area by nearly 40%. However, with even the
smallest amount of V, the root area was depressed by
>20% relative to the control treatment and by nearly
50% compared with the treatment without V. While V
inhibits cell division Meisch and Benzschawel, 1978
and root growth, the interaction with MgQ@proba-
bly an interaction with Mg) is perplexing. Within the
cell, the redox potential is sufficient to produce the
VO?2t jonic form and some competition with cations
might be expected. However, competition between
Mg?t and V would be expected to diminish the neg-
ative effect of V on root growth and development
when the Mg concentration is increased.

In view of the effect of V on root morphology, it
is not surprising that relative root length (the distance
from the stem to the end of the longest root) is affected Fig. 2. cuphea roots grown hydroponically for 28 days (A) with
strongly by V Fig. 1B). However, relative root area is  vanadium and (B) without vanadium.
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(data not shown). As the secondary and tertiary lat- The most dramatic and visible effect of V on the
eral branching decreases, thickness of the primary rootgrowth of cuphea is the inhibition of secondary and
increasesKig. 2). Thus, in the presence of V, total tertiary root formation. One of the effects of V is
root mass increased at a much slower rate as the plantan inhibition of mitotic cell division Keisch and

grows. Benzschawel, 1978 and this effect is expressed
The apparent sensitivity of cuphea to V is much clearly in cuphea and other plants as a diminution in
greater than that found bgingh (1971)for maize, the formation and development of root tips. At ele-

Hara et al. (1976jor cabbageWallace et al. (1977)  vated concentrations of V, the effect results in a nearly
for beans, oDavis et al. (1978¥or barley, but very branchless rootHig. 2A). In the absence of V, the
similar to that obtained byVarington (1954, 1956) plant develops a fine fibrous root systelrig(. 2B). In

for pea, soybean, and flax. The reason for the dif- addition to the well-documented inhibition of ATPase
ferences in sensitivities to V in these various studies and P transfer enzymes, V interferes with enzymes
is unknown. At less than millimolar concentrations, involved with cell division to the point that multinu-
most vanadate exists mainly in the monomeric form. cleate cells developgMeisch and Benzschawel, 1978
Under neutral conditions, vanadate dimers, tetramers Inhibition of root development, which is cou-
and pentamers form and the extent to which the anion pled with poor translocation of V from the root to
forms oligomers is affected by the pH, nutrient com- the shoot Hara et al., 1975 is manifested as typ-
position, and ionic strength of the solutidPgttersson  ical Fe-chlorosis. The youngest leaves developed a
and Elvingson, 1998 Plants may be more sensitive chlorotic appearance typical of inadequate Fe or S
to one or more of the oligomeric forms, and differ- supply. Chlorosis, as an indication of overall develop-
ences in their relative intensity may explain the differ- ment, was closely correlated with a near exponential
ences obtained by the various research groups. In vitro,decrease in chlorophylHg. 3) as the V concentra-
the vanadate dimer inhibits phosphoglycerate mutasetion increased, but the relative effect of V measured
(Crans, 199%and the tetramer inhibits enzymes inthe with the SPAD meter was less intense than that on
pentose phosphate shugréns and Schelble, 1990 root or shoot growth. Thus, under field conditions, an

1.6

—0O—MgSO, 0.346 mM
—@— MgSO, 1.38 mM
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Fig. 3. Relative chlorophyll meter readings of leaves of cuphea grown hydroponically for 28 days as a function of V. Molar MG:é&ylg
ratios were 0.22 or 0.89. Vertical bars represent standard errors of the means.
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Fig. 4. The relationship between aerial and root growth of Cuphea grown hydroponically for 28 days.

effect of excess V may often be expressed as a slowerno measurable effect on root morphology or relative
growth rate instead of a chlorotic plant, particularly in growth rate.

environments rich in accessible Fe and S. This latter
effect is consistent with the close correlation between
shoot and root growthFig. 4). An analysis of the
residuals of a linear model show a slight departure at

greater growth rates suggesting a curvilinear function _ _
describes the relationship Arnon, D.l., Wessel, G., 1953. Vanadium as an essential element
Shackl ! 197' b . £ for green plants. Nature 172, 1039-1041.
; acklette et al's. ( 1 Servatl(?ns on sur ace. Bertrand, G., 1950. The biogeochemistry of vanadium. Bull. Am.
soils serves as a warning that potential problems with  museum Nat. Hist. 94, 409-455.
V exist across the US. To date, no systematic examina- Bowman, B.J., 1983. Vanadate uptakeNieurospora crassa occurs
tion has been conducted to identify those sites where via phosphate transport system Il. J. Bacteriol. 153, 286-291.

refined management (rhizosphere, fertility, or geno- BYcZkowski, J.Z., Kulkami, AP, 1992. Vanadium redox
cycling, lipid peroxidation and co-oxygenation of benzo(a)
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